CH 3 NH 3 PbI 3 perovskite solar cells are one of the most exciting technologies in the renewable energy field, resulting in over 20% power conversion efficiency. Deep understanding of the working principle is now required to turn the high efficiency solar cells into a reliable technology. In this work we have explored the role of deposition method on the crystallinity of perovskite films and its influence on the hysteresis behavior of the current-voltage characteristics. In addition Nb 2 O 5 was used as hole blocking layer and its influence is also discussed. We have found that hysteresis is strongly dependent on both; perovskite deposition method and Nb 2 O 5 thickness. The ideal condition where the hysteresis is suppressed or minimized was achieved by using the sequential deposition method for the perovskite semiconductor and a hole blocking layer of 50 nm.
INTRODUCTION
Perovskite solar cells' power conversion efficiency has risen from 3% to more than 20% 1-3 in just four years. Though its success most of the perovskite cells present J-V hysteresis. [4] [5] [6] [7] [8] [9] [10] There is not a consensus regarding its cause, however the proposed origin so far include: presence of defects in perovskite materials that act as traps for electrons and holes 11, 12 , charge accumulation at the electrodes 13 as a result of ions migration or unbalanced charge extraction 7, 11 and ferroelectricity. One of the most critical points regarding the magnitude of the observed hysteresis is the quality of perovskite crystalline structure. The growth should be controlled in order to produce films with low density of defects leading to devices with small hysteresis. From the literature, two techniques have been mostly used to produce perovskites with high reproducibility: the sequential deposition, known as "two steps method" and solvent engineering, or "one step method". 14 The sequential deposition technique involves spin-coating of PbI 2 solution followed by addition of CH 3 NH 3 I solution in order to form CH 3 NH 3 PbI 3 . 15 Thus, in this method, a fast reaction occurs from the surface to the inner regions of lead iodide, generally resulting in uncontrolled surface roughness of the films. 15 In contrast, the solvent-engineering process uses the formation of intermediate phases to retard the reaction between PbI 2 and CH 3 NH 3 I. This simple approach involves the spin-coating of a CH 3 NH 3 PbI 3 solution followed by addition of a second solvent, such as chlorobenzene or toluene, to control the crystallization. 16, 17 Both processes have been successfully used to form methyl ammonium lead iodide films with high quality 14, [16] [17] [18] resulting in devices with high performance. Although the devices have shown high performance they do show commonly J-V hysteresis. One alternative to reduce J-V hysteresis is to use organic layers, such as PCBM, in order to improve the conductivity of the electron transport layer (ETL). We have studied the influence of the perovskite synthesis in the J-V hysteresis using perovskites made by one and two steps methodologies on top of the Nb 2 O 5 electrons transport layer analyzing the influence of the deposition method as well the influence of the ETL materials.
EXPERIMENTAL

Deposition of Nb 2 O 5 films
Fluorine-doped tin oxide (F:SnO 2 ) coated glass with area of the 2.5 cm 2 was etched with Zn powder and concentrated chloric acid. The substrates were cleaned with 2 % Helmanex solution, acetone and ethanol and dried in nitrogen flux. The films were deposited by magnetron sputtering technique using a metal target of Nb (99.9% purity) in an atmosphere of Ar and O 2 . The deposition system used was a Kurt J. Lesker, equipped with a magnetron tube with diode and a power source Advance Energy RFX600 operating at 13.6 MHz. The deposition temperature was 600 °C. The deposition pressure 5x10 -3 Torr, Ar flow of 40 sccm and oxygen flow were 8 sccm kept constant using different deposition times, 8, 15, 30 and 40 minutes in order to obtain films with different thicknesses.
Synthesis of mesoporous TiO 2 films
A mesoporous layer of compact TiO 2 was spin coated on top of the Nb 2 O 5 film using a commercial paste (Solaronix TiNanoxide T/SP) diluted in anhydrous ethanol (1:3.5). The layers (TiO 2 and Nb 2 O 5 ) were heated in air at 370 ºC for 20 minutes and then at 550 °C for 1 hour.
Synthesis of CH 3 NH 3 PbI 3 films
The CH 3 NH 3 PbI 3 films were prepared by two distinct methods:
Sequential deposition (2 steps)
A lead iodide solution 460 mg.mL -1 , (PbI 2 -Sigma -Aldrich 99%) was prepared in N,N-dimethylformamide (DMF, Merck, max 0,003 % water), kept under stirring at 80 °C for 24 hour. Two layers were spin coated (6000 rpm for 30 s) on the mesoporous TiO 2 . After each deposition the film was dried on a hot plate at 70 °C for 10 min. Then, under nitrogen atmosphere, an 8 mg/ml CH 3 NH 3 I solution in 2-propanol (Merck, max 0.005 % water) was deposited on the PbI 2 film (4000 rpm for 30 s) and treated at 100 °C for 10 min.
Solvent Engineering Method (1 step)
A solution of 45% PbI 2 and CH 3 NH 3 I in DMSO (Sigma -Aldrich ≥ 99.9%) was spin coated (1000 rpm for 10 s) onto the mesoporous TiO 2 film, under nitrogen atmosphere. On the last 5 s the anti-solvent (chlorobenzene -Sigma -Aldrich 99.8 %) was added to slow the crystallization of the perovskite phase. The films were annealed at 100°C for 60 min.
HTL, spiro-OMeTAD
The HTL layer was deposited under nitrogen atmosphere by spin coating (4000 rpm for 60 s) of a Spiro-OMeTAD (Sigma-Aldrich, 99%) solution 72.3 mg.mL -1 in chlorobenzene doped with 18 μl of lithium bis(trifluoromethylsulfonyl)imide (Li-TFSL, Acros Organics 99%) solution (520 mol.L -1 ) in acetonitrile, 29 μl of cobalt complex FK209 (Dyesol) solution in acetronile (sigma -Aldrich) and 29 μl of tert-butylpyridine.
Metallic contact
Using a mask, a 70 nm thick gold film was thermally evaporated using an evaporator coupled to a glovebox under nitrogen atmosphere. The deposition rate was 0.2 to 1 Å/s.
Characterization
The films were characterized by X-ray diffraction (XRD) using a Rigaku/RINT2000 from 10 to 50º. A FEG-VP Zeiss Supra 35 model was used for the FE-SEM (high resolution field emission scanning electron microscopy) measurements. Film thicknesses were determined by profilometry (Ambios XP1) and absorption measurements was performed using a Varian Cary 50 UV-vis spectrophotometer. The optical band gap values were calculated by using UV-Vis measurements and the Tauc's Equation. c
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As prepared hexagonal str substrate fully seen that the ones made by the sequential method shows a rough surface while the film deposited by solvent engineering shows a flat and dense surface. FE-SEM cross section images shows the morphology of the other materials that compose the device. Figure 5 shows the XRD pattern of the β-MAPbI 3 film deposited by both methods. For the two steps method a small peak in approximately 14º related to PbI 2 phase was observed. In this method, the crystalization happens from the surface to the inner film, resulting in an incomplete conversion of PbI 2 in CH 3 NH 3 PbI 3 . 20 , the values found here are higher than that one previously reported. We attribute the better performance of our devices due the use of Nb 2 O 5 and TiO 2 which as already mentioned 19 allows better charge extraction. Three important observations from J-V results needs attention and will be discussed: 1) the high performance found in the devices made using the one step methodology, 2) the high hysteresis observed in one step perovskite based devices and 3) the hysteresis trends to decrease as the ETL thickness becomes thinner.
The best performance found in the devices made by one step methodology can be attributed by the absence of PbI 2 promoted by the use of DMSO, which produces DMSO-PbI 2 complexes (intermediate phase) due the strong coordinative characteristic of the solvent. This complex is able to retard the crystallization leading to a complete conversion of PbI 2 into CH 3 NH 3 PbI 3 . 21 While the use of DMF (two steps methodology) promotes a fast crystallization, resulting in the formation of PbI 2 as a secondary phase, as observed in the XRD pattern, Figure 5 . The secondary phase PbI 2 is not as photovoltaic effective as CH 3 NH 3 PbI 3 . As a consequence, the J sc and V oc are smaller and the device performance is hindered. Thus, the one step method results in very compact perovskite films (see Figure 4) , which can absorb more light generating higher currents compared to the two step method. Furthermore, we have observed that hysteresis is dependent on both perovskite synthesis methodology and Nb 2 O 5 thickness. Regarding the Nb 2 O 5 thickness dependence, we have previously discussed 19 (for two steps methodology) that higher a R s correlates with a difficulty in electron extraction at the electrode resulting in charge accumulation at the interfaces, causing J-V hysteresis. In short, perovskite when absorber light generates electrons and holes, thus the photogenerated charges should be collected with the same rate to prevent charge accumulation. 12 If the transport is hindered in the anode by using thick ETL, charges are accumulated at the interface and hysteresis is observed.
Here, we confirm the same dependence for one step deposited perovskite solar cells, i.e., the hysteresis increase with the increase in Nb 2 O 5 layer thickness. Figure 7 shows the J -V measurements and Figure 8 shows the hysteresis increase with increasing ETL thickness for both one and two steps perovskite devices.
The increase in the Nb 2 O 5 thickness increases the series resistance (R s ) of the devices, as it can be inferred from Table 1 . Although the same trend in the hysteresis behavior was found for one and two steps perovskite devices, it is important to note that the 50 nm Nb 2 O 5 two steps perovskite devices is hysteresis-free while for the one step deposition, not. One possible explanation is that the one step methodology produces films composed by small grains, which have more grain boundary. The high amount of defect presents in the grain boundary are responsible for the hysteresis observed in 50 nm Nb 2 O 5 thickness based one step perovskite. Although the surface of the films made by the two steps perovskite is rough, the absence of grain boundary facilitates the charge extraction preventing the J-V hysteresis. Also, as extensively discussed in the literature, the critical point to the hysteresis is the oxide (electron transport layer) / perovskite interface not the perovskite/ HTL. 8, 12 In addition, one cannot forget that the solvent engineering method uses DMSO as solvent. DMSO has a relatively high boiling point (189 ºC) which makes it difficult to be removed. Traces of DMSO could be present into the perovskite films, and even if it is in small amounts, it induces defects in the crystal. As mentioned before, a large density of defects act as traps for electrons and holes, which may be filled or emptied, depending on the scan direction. Under backward scan (from the positive, i.e., open circuit, to negative, i.e., short circuit), the traps are empty due to charge transfer directly to the p and n contacts. Under forward scan, the traps are filled. Traps thus generates hysteresis, as it has been extensively discussed. 5 Thus, considering that the one step method crystal have more defects they have also more hysteresis compared to the two step method. 
CONCLUSION
Our results show that the J-V hysteresis is dependent on both the perovskite deposition method and ETL thickness. Devices made by the two steps method and Nb 2 O 5 of 50 nm thickness in combination with the regular mesoporous TiO 2 resulted in very small or unobservable hysteresis. The hysteresis increases with increasing ETL thickness and for devices that have perovskites synthesized by the two steps method. Higher ETL thickness promotes charge accumulation and the presence of grain boundaries in one step method perovskite film makes the J-V hysteresis more pronounced but does not influence the performance of the devices. 
